B
onds between married partners establish ties between both extended kin and nonkin who become in-laws (1) . Together these relationships form families-the foundation upon which human social structures are built. Several notable anthropologists have depicted marriage as a competition for sexual access to females by male coalitions (2-4) whereas others have viewed it as a reciprocal arrangement between parties whereby offering someone in marriage obligates the receiving family to reciprocate through political support or future spouses (5, 6) . In accord with these characterizations, exchanging offspring with close relatives may be a way to ensure that these transactions are eventually reciprocated (7, 8) .
Parental Control of Mate Choice Generates Parent-Offspring Conflict
Human mating is unique because parents often exert considerable control over the mate choices of their offspring (9) . For example, a cross-cultural survey of hunting and gathering societies found that parents have a strong influence over the marriages of their sons and daughters (10) . The basic properties of arranged marriages are (i) the spouses have high exchange value [females are likely to have higher value than males as measured by bride prices, bride service (bride service-sometimes called groom service-is the service rendered by the bridegroom to a bride's family as a bride price), and "marriage by capture" in egalitarian societies like the Yanomamö] (6); (ii) the individuals doing the arranging and those whose marriages are being arranged are close kin; (iii) the arrangers are usually older and therefore typically have more social and political power; and (iv) the arranger (e.g., parent or sibling) and spouse become inlaws who maintain long-lasting ties that are often driven by contingent reciprocity [i.e., reciprocal altruism (8) ] (1, 9, 11 ). An analysis of hunter-gatherer marriage practices using mitochondrial DNA suggests a long history of marriages based on reciprocity between the families of the spouses (12) .
Exchanges of children-especially daughters-by kin groups forms one of the most basic structures of arranged marriages (5) . (Marriage "exchanges" are not always reciprocal transactions of offspring and are often exchanges of offspring for political support, bride price, or bride service.) This system is likely to have emerged from a combination of parental control over mate choice and contingent reciprocity (9) . If cultural rules and taboos began to exclude exchanges between same-sex siblings, we would arrive at the most widespread and common prescriptive marriage practice described by anthropologists-cross-cousin marriage (5, 13, 14) . Cross-cousin marriage is the natural outgrowth of using one's own [or one's spouse's] opposite-sex siblings to exchange children. These practices may start out as mere social patterns and regularities before they achieve a moral character and ultimately become a cultural rule or norm (9) .
Parental influence over marriage is expected to generate conflict between the interests of parents and offspring. Trivers' Significance Cross-cousin marriage (i.e., marriage with the offspring of a parent's opposite-sex sibling) is the most common preferred marriage arrangement across cultures. Despite intense investigation, the origin and adaptive function of this marriage prescription have not been resolved. An analysis of the fitness consequences of marriages in the Yanomamö-a tribal society in the Amazon-shows that parents and brothers achieve higher fitness outcomes when their respective children and sisters marry more closely related individuals. Meanwhile, the spouses and offspring produced by these unions have lower fitness. These findings suggest that cross-cousin marriage prescriptions and taboos against marrying parallel cousins owe their origin to parent-offspring conflict through parental control of marriage and competition between same-sex siblings.
theory of parent-offspring conflict (15) provides a framework for understanding these tensions. Because mate preferences of offspring may not maximize the fitness of their parents, conflict is expected. For example, children are more likely to value signs of genetic quality of a potential spouse, whereas parents are more likely to value the family background of a potential in-law (16) . Parents are also expected to be more tolerant of inbreeding (Inbreeding) than their offspring. These disagreements are the outcome of inclusive fitness (7) differences between parents and offspring and parents are expected to benefit more when their offspring marry relatives (to whom the parents are more closely related). These asymmetric fitness interests are also expected to generate conflict between siblings. This is because parents are equally related to all of their offspring and are therefore expected to value and hence invest in them all equally, whereas offspring are fully related to themselves but only related by a half, or a quarter, to their full and half siblings, respectively (15) .
Mate Competition Between Siblings. Local mate competition (Inbreeding Local Mate Competition) between siblings is common in a variety of taxa (17) , and fights to the death over mating can occur between same-sex siblings (18, 19) . In many species of insect these conflicts are resolved by the production of femalebiased sex ratios (17, 20) . In mammals, local mate competition may result in sex-biased dispersal-one sex remains in its natal territory and the other disperses (Inbreeding Sex-Biased Dispersal) (21) (22) (23) . Sex-biased dispersal provides a way to balance the costs of inbreeding load (24) and local mate competition with the cooperative activities among siblings that lead to local resource enhancement (25) .
Once parental control over mating evolved in humans, however, conflicts and cooperation among siblings could also be generated through parent-offspring conflict. This is because marriage exchanges that are under the control of parents are likely to produce uneven fitness benefits across offspring. These unequal outcomes are, in turn, expected to induce sibling competition over spouses. In polygynous and patrilocal societies like the Yanomamö, brothers in particular are expected to vie for wives. At the same time, marriage exchanges may produce benefits for opposite-sex siblings (e.g., a brother receives a wife that is exchanged for his sister). Overall, parental control over marriage generates parent-offspring conflict over mating that can lead to asymmetric fitness consequences for offspring. These discordant outcomes can in turn produce antagonistic interests between same-sex siblings while providing opportunities for opposite-sex siblings to build cooperative alliances.
Predictions. In this study, we used genealogical data from the Yanomamö, a traditional society of South American horticulturalists, to analyze the effect that spousal relatedness has on the reproductive success of offspring, spouses, parents, and siblings. We test the following predictions (P): P1, offspring of more related parents will have fewer children due to inbreeding depression; P2, spouses who are more closely related will have fewer children due to mechanisms to avoid incest; P3, parents will have more grandchildren when their children marry close relatives because close kin are expected to be more likely to reciprocate promised spousal exchanges and engage in other forms of cooperation; and P4, siblings will have more children when their opposite-sex siblings marry relatives and fewer children when their same-sex siblings do. This is because siblings of the same sex, especially brothers, will compete over marriage partners whereas opposite-sex siblings, especially sisters, will increase opportunities to marry relatives.
The Yanomamö. At the time these data were collected (Methods, Data Collection), the Yanomamö were a sovereign, indigenous tribal population living in the northern Amazon along the border between Brazil and Venezuela. Until the 1950s there is no record of any sustained contact with a modern western society (11) . During the period of N.A.C.'s data collection the Yanomamö relied on gardens where they grew plantains, bananas, and manioc (26) and also on hunting (27) . It is estimated that the Yanomamö numbered approximately 25,000 people across 250 villages during this period (11) . The Yanomamö are in many ways an ideal society for answering questions about human evolution because they share many traits that were likely to have been common in ancestral human populations, including polygyny (28) , agnatic descent groups (14) , patrilocality (29) , patrilineality (14) [in the standard cross-cultural sample (SCCS), a widely used worldwide cross-cultural sample, 17% of societies are matrilineal compared with 41% that were classified as patrilineal], lineage exogamy (14) , and prescriptive bilateral crosscousin marriage (30, 31) arranged by older male kin (10) The Yanomamö practice prescriptive bilateral cross-cousin marriage. This means that males are expected to marry their female cross-cousins (i.e., the daughters of their parent's opposite-sex siblings). This practice is so embedded in the Yanomamö culture that the words for female cross-cousin and wife are both suaböya and, reciprocally, the words for male crosscousin and husband are both hearoya (36) . If a cross-cousin is not available, an individual is still required to marry someone outside of his or her patrilineage. These rules are often manipulated when it is difficult to find a wife, however, which sometimes leads to conflict. Because prescriptive marriage rules among the Yanomamö require that marriages are between individuals in the same generation, it is common for a father to attempt to manipulate genealogical relationships such as by reclassifying a "niece" as a "sister" so that his sons may now marry her daughters (37) . The Yanomamö are normatively patrilocal (the men stay in their natal village and the women move to the village of their husbands), but men who have been promised a wife may have an obligation to perform bride service for their father-inlaw although the obligation is less for older males who become polygynous. This bride service, which may last for several years, consists primarily of hunting and providing meat to the household of his father-in-law (36) .
Yanomamö marriages are typically arranged either by parents or by the eldest adult male members of local patrilineal descent groups (36) . Fathers and brothers exert the most control over the marriages of their respective daughters and sisters whom they attempt to exchange for female cross-cousins (38) . Girls are first promised in marriage at a very young age-occasionally at birth-and may be pledged to multiple individuals (2) . Young girls marry and begin living with their husbands before or soon after reaching puberty. Members of allied villages are usually reluctant to cede women to their partner villages due to concerns that the latter might not reciprocate as promised (6) . "Reciprocal" marriage exchanges are therefore fraught with nervousness on both sides and the parties usually enter into these agreements with caution (37) . The marriage patterns observed in Yanomamö villages appear to be the outcomes of strategies that seek to ensure that men will receive brides back in return for the daughters and sisters that they give away. For additional details on Yanomamö marriage see Inbreeding, Yanomamö Marriages.
Results
We measured fitness as (i) the total number of children ever born (Table 1 and Tables S1 and S2 ), (ii) grandchildren (Table 1) , (iii) number of children who survived to age 15 y (Table S1) , and (iv) number of spouses (Table S2) . Table 1 and Table S1 show the impact of spousal relatedness (three groups bracketed by their coefficient of relatedness; Methods) (Fig. S1 ) on the fitness outcomes of males and females for each of the following relationships: (i) parent's relatedness on offspring reproduction, (ii) spousal relatedness on the reproduction of their respective husbands or wives, (iii) offspring relatedness on parental d is the mean difference between the groups, t is the t statistic, *P < 0.01, **P < 0.001.
reproduction (measured in number of grandchildren produced), and (iv) sibling relatedness on the reproduction of their brothers and sisters.
P1: Parental Relatedness on Offspring Reproduction. Both sons and daughters of parents who were more closely related had significantly fewer total offspring. Pairwise contrasts showed that the children of the least-related parents had significantly more surviving offspring than both the intermediate-related and mostrelated groups but showed no significant difference between the intermediate-and most-related groups (Table 1 and Fig. 1 ). The children of parents who were more closely related also had significantly fewer offspring who survived to age 15 y ( Fig. S2 and Table S1 ).
P2: Spousal Relatedness on the Reproduction of Husbands and Wives.
The fitness outcomes of husbands and wives who marry close kin are more ambiguous. A husband's relatedness to his wife significantly predicted overall differences in reproduction between groups. Pairwise contrasts revealed that husbands who were least related to their wives had significantly fewer offspring than those who were intermediately and most related to their wives but showed no significant difference between the intermediate-and most-related groups (Table 1 and Fig. 2 ). A wife's relatedness to her husband also had an overall significant effect on her reproduction. Pairwise contrasts revealed that women who were least related to their husbands did not significantly differ from those who were intermediately related but did show that they have more children than women who were most related to their husbands (Table 1 and Fig. 2 ). Meanwhile there were no detectable differences between the intermediate-and most-related groups of wives. The impact of marrying relatives on the survival of the couple's children to age 15 y was also analyzed and did not have any detectable effect on the survival of the offspring of either husbands or wives (Table S1 and (Table 1 and Fig. 3 ). These fitness benefits do not seem to depend on whether their daughters (ANOVA 2,445 F = 4.48, P = 0.012) or their sons (F 2,340 = 4.36, P = 0.014) (Fig. S4A ) marry relatives. Females also have more grandchildren when their children marry more closely related relatives ( Fig. 3 ) but seem to benefit more when their daughters marry relatives (ANOVA 2,525 F = 18.2, P < 0.001) than when their sons do (ANOVA 2,413 F = 9.88, P < 0.001) (Fig. S4B) . (Table 1 and Fig. 4A ).
Pairwise contrasts between the low-and intermediate-relatedness groups and the low-and high-relatedness groups were both significant but the differences between the intermediate-and highrelatedness groups were not. In contrast, males have significantly higher reproduction when their sisters marry relatives (Table 1 and Fig. 4B ). A pairwise contrast between the lowand intermediate-relatedness groups was not significant but differences between the low-and high-relatedness groups and the intermediate-and high-relatedness groups were.
Sisters. The fitness of females increases slightly when their brothers marry relatives (Table 1 and Fig. 4A ). Pairwise contrasts between the low-and intermediate-relatedness groups and the intermediate-and high-relateness groups were not significant but the difference between the low-and high-relatedness groups was. Meanwhile, females are largely unaffected by the relatedness of their sisters to their spouses (Table 1 and Fig. 4B ). Pairwise contrasts between the low-and intermediate-relatedness groups and the low-and high-relatedness groups were not significant, but the difference between the intermediate-and high-relatedness groups was.
Discussion
To better understand the fitness consequences of consanguineous marriage, we examined the effects of marrying relatives on the reproduction of members of the nuclear family: offspring, spouses, parents, and siblings. We found that (i) children suffer from inbreeding depression when their parents are closely related, (ii) the reproduction of wives is slightly lower whereas the effects on husbands are equivocal when they marry close kin, (iii) parents have more grandchildren when their children marry relatives, and (iv) brothers have more children when their sisters marry relatives and fewer children when their brothers do whereas sisters benefit slightly when their brothers marry kin and are unaffected when their sisters do. These results suggest that parents benefit from exchanging their daughters with close relatives. Overall, the asymmetric fitness costs and benefits reported here provide evidence of an evolutionary conflict over mate choice between parents and their offspring and among brothers.
Parent-Offspring Conflict over Marriage. Differences in optimal fitness outcomes between parents and offspring are expected to cause conflict over marriage preferences (15) . The asymmetric fitness costs and benefits of marrying relatives among the Yanomamö support this prediction and suggest that parents should prefer that their offspring marry more closely related kin than the spouses themselves or the offspring would prefer. But how exactly are parents benefiting? Because of high male reproductive skew among the Yanomamö, it is possible that fathers might actively desire to exchange their daughters for wives for themselves-a particular risk in polygynous societies. However, the Yanomamö have a generational rule that forbids males from marrying females in the descending generation (36) . Although such marriages may occasionally occur, our results do not indicate that individuals obtain more spouses when either their daughters (Fig. S5A) or sons (Fig. S5B ) marry relatives. If fathers were preferentially exchanging daughters with relatives to obtain additional spouses for themselves, we would expect to see a positive association between their numbers of wives and the relatedness of their daughters to their sons in-law. Instead, parents appear to be exchanging their daughters for daughters inlaw. In other words, exchanging daughters with relatives enables parents to obtain more brides for their sons, which in turn seems to generate more grandchildren.
The Origins of Cross-Cousin Marriage. Preferentially exchanging spouses with close relatives may be driven by contingent reciprocity. One of the biggest problems that individuals face when engaged in high-stakes exchanges, which are often separated by extended time lags, is how to accurately assess the risk of defection by the other party (8) . This is particularly important when giving a daughter away in exchange for the mere promise of a future bride who is either not yet born or very young. Therefore, parents may attempt to hedge the risk of the other party defecting by preferentially arranging marriage exchanges with close relatives (7) . From the parents' point of view, kin marriages have the additional benefit of strengthening kin networks (e.g., kin marriages increase overall within-family relatedness) (15, 36) . Although these benefits may help to explain the frequency of consanguineous marriages, they do not account for why crosscousin marriage (marriage between the offspring of opposite-sex siblings), in particular, is so much more common than parallelcousin marriage (marriage between the offspring of same-sex siblings) across cultures (14, 30) . Traditionally, hypotheses for cross-cousin marriage prescriptions have fallen into two basic camps-inbreeding avoidance and mate exchange. Alexander (39) was the first to suggest that parallel-cousin marriages were often prohibited because of the possibility that same-sex siblings might share (sexually) each other's spouse(s), which increases the risk that putative parallel cousins are actually half siblings. In this interpretation parallelcousin marriage taboos function to lower the risks of inbreeding. Meanwhile, Levi-Strauss (5) and others have argued that an important function of marriage is to form alliances between groups and that cross-cousins are usually from different lineages (e.g., matrilines or patrilines). Proponents of this "mate exchange hypothesis" argue that cross-cousin marriage promotes lineage exogamy and functions to build alliances between descent groups (40) . More recently, however, Chapais (9) proposed a phylogenetic explanation of the mate exchange hypothesis in which male philopatry and female dispersal (Inbreeding, Sex-Biased Dispersal) combined with the practice of exogamy created a structural bias for marrying cross-cousins. According to this hypothesis, cross-cousin marriage is expected to naturally emerge in the presence of pair bonding, patrilocality, exogamy, parental control of children, and daughter or sister exchange (9) . Whereas the mate exchange hypothesis provides a functional explanation for cross-cousin marriage, "the phylogenetic hypothesis" invokes evolutionary constraints and suggests that it was lineage exogamy that promoted cross-cousin marriage rather than the other way around.
Although our results are broadly consistent with both mate exchange and a phylogenetic explanation, they also suggest that mate competition and cooperation among siblings may play an important role in the origin and frequency of cross-cousin marriage systems cross-culturally. Patrilocality can foster mate competition between brothers who often reside together in adulthood and mutually beneficial relationships between brothers and sisters who usually do not live together as adults and therefore do not compete over resources. Meanwhile, polygyny can exacerbate same-sex competition for mates such that the conditions favoring the formation of male-male alliances may be less common than those favoring alliances between sisters or opposite-sex siblings (41) . For example, social groups of polygynous mountain gorillas (Gorilla beringei beringei) often contain sexually mature siblings of both sexes (42, 43) and brothers have been observed to engage in more aggressive interactions and fewer affiliative behaviors, compared with mixed-sex or sister dyads (44) . Interestingly, these observations seem to suggest that alliances between opposite-sex siblings and conflicts between brothers could develop in the absence of parental control over mate choice. However, when marriages are arranged by parents (e.g., daughter exchange instead of sister exchange), the bond between the parents of the spouses is the critical factor, and this can generate cross-cousin marriage (i.e., the exchange of daughters between opposite-sex siblings). Although these results do not mean that cross-cousin marriage prescriptions are the necessary result of mate competition between brothers, they do suggest that mate competition between brothers could generate strong biases for cross-cousin marriage independently of patrilocality (Inbreeding, Sex-Biased Dispersal) and lineage exogamy.
Among the Yanomamö, both males and females have more children when their opposite-sex siblings marry close kin. Males, on the other hand, endure reduced fitness whereas females are largely unaffected by the consanguinity of their same-sex siblings (Fig. 4 A and B) . Because parents can influence the marriages of their children, these competitive and cooperative relationships can bleed into the next generation and eventually become embedded in the rules governing the marriage exchange system. Chapais (9) has argued that these patterns, which often begin as mere social regularities, can over time acquire a formal status and ultimately become codified in the culture as social norms prescribing that only the offspring of opposite-sex siblings are permitted to marry. It should be noted that these same patterns are also consistent with the phylogenetic hypothesis (9) although the causation is different. The phylogenetic constraints interpretation of our results is that cross-cousin marriage generates mate competition between siblings, whereas the "local mate competition hypothesis" suggests the opposite-sibling competition drives cross-cousin marriage prescriptions.
If the local mate competition hypothesis is true and competition between siblings plays an important role in the origin of cross-cousin marriage prescriptions, then we should expect to see parallel-cousin marriages more often when mate competition between same-sex siblings is low. Almost all parallel-cousin marriages noted in the cross-cultural record are exchanges of offspring between brothers (i.e., patrilateral parallel-cousin marriage) and most of these occur in or near the Middle East (30, 45) . Bedouin men, for instance, are presumed to possess marital rights over the daughters of their paternal uncles (46) . Historically, explanations for this type of arrangement have focused on males inheriting resources in these societies and the importance of retaining property within families (40) . Perhaps, however, these inheritance rules serve to strengthen bonds between brothers and reduce mate competition, thereby enabling enough trust to allow them to exchange their daughters. There may also be something about challenging desert environments or pastoralist societies (e.g., goat herding) in general that reduces mate competition and cultivates alliances between brothers. For example, camel raiding and the defense of herds among Bedouin pastoralists has been seen as important in the formation and PNAS PLUS ANTHROPOLOGY preservation of alliances and central to the preservation of the culture of these kin-based societies (47) . The need to defend and tend to herds can increase the benefits of cooperation between males. It is important to note, however, that a reduction in the intensity of mate competition between brothers in parallel-cousin marriage systems does not address causation and is compatible with both the "phylogenetic constraints" and local mate competition hypotheses. Which sex disperses (Inbreeding, Sex-Biased Dispersal) is also likely to affect mate competition and resource competition among siblings (48), so we should expect to see more competition between maternal kin and less conflict between paternal kin (49) in matrilocal societies. Female philopatry and high male reproductive skew (e.g., polygyny) are expected to expected to impact mate competition among siblings oppositely, however, so these interactions can be complicated.
Conclusion
In summary, marriages between close kin (i) significantly reduce the reproductive success of offspring that result from these unions, (ii) impose a slightly negative effect on the reproductive success of husbands and wives, and (iii) provide a substantial reproductive benefit to both parents and opposite-sex siblings. Together, these results suggest an important role of both parentoffspring conflict and sibling competition over mate choice among the Yanomamö. These results have broad implications for understanding the prevalence and origins of marriage systems across cultures. Our findings may also reveal new ways to understand within-family conflicts over mate choice. Overall, the important role that Yanomamö parents play in the marriages of their children, combined with asymmetric fitness outcomes between parents and children, suggests that individual mate preferences (especially those of daughters) may be less important than those of parents (2, 10, 50) in generating marriage prescriptions. In the Yanomamö, at least, cross-cousin marriage may be a partial resolution to mate competition between coresident brothers.
Methods
Data Collection. This study is based on data collected by Napoleon A. Chagnon (N.A.C.) between 1964 and 1988, ranging over a period of 50 nonconsecutive months from interviews of almost 2,000 individuals in 60 villages. Information was obtained for 4,158 individuals and 1,507 marriages. The genealogical data used in this study include data on all marriages, including information on the spouses, their children, their siblings, and their parents (2) . There were approximately 25,000 Yanomamö living in this area at the time these data were collected (11) . The ways in which spouses were related could often be traced through multiple common ancestors and these complex relationships were determined using the KINDEMCOM program. The relatedness values between the spouses are coefficients of relatedness (r) (the probability that any two individuals share two alleles that are identical by descent from a common ancestor) (51) and were derived from the genealogy.
The Yanomamö do not have a written language, so the genealogical data are reliant upon information gathered through oral interviews. The genealogies range from a depth of 1 to as many as 10 generations. The accuracy of the estimates of relatedness between spouses depends on the number of generations ancestral to the couple that are known, whereas the completeness of reproductive histories depends on the age of the individuals at the time of the census. To improve the accuracy of the analysis, we excluded individuals if either of their parents was not known and because the youngest male to reproduce was 17 y old and the youngest female was 14 y old, we excluded all males and females younger than these ages. In the end there were 1,599 individuals (770 males and 829 females) for which there was enough information to obtain reliable measures of spousal relatedness and estimates of fitness. This project was approved on April 28, 2016 , by the University of Missouri Institutional Review Board (project no. 2001639).
Analysis. We used R version 3.2.2 for all analyses. The dependent variables used in this study were age and year of birth adjusted estimates of an individual's (i) number of children, (ii) number of grandchildren, (iii) number of children who survived to age 15 y, and (iv) number of spouses. All of the dependent variables showed signs of overdispersion and an excess of zeroes so a zero-inflated negative binomial (ZINBI) generalized linear regression model was used.
The sample was first divided into dead (N = 743) and living (N = 856) individuals over the ages of 17 y and 13 y for males and females, respectively. For individuals who were alive at the time of the last interview the residuals for males and for females were obtained separately. This was done because of the high reproductive skew and different life history patterns of Yanomamö men and women: Male variance in reproduction σ = 10.34 (N = 2,268) is higher than female variance σ = 6.0 (N = 1,890) . The age of the oldest female to give birth was 52 y but 99.5% of all female births were to mothers who were 45 y old or younger. Therefore, all females over 45 y old were given the truncated age of 45 y so that all females in our sample had adjusted ages that were between 14 y and 45 y old. The oldest male to father a child was 81 y but 99.5% of births were to fathers who were 72 y of age or younger. Therefore, all males over the age of 72 y were given the truncated age of 72 y so that all males in or sample had adjusted ages between 17 y and 72 y old.
Using these adjusted ages, we then used a retrospective technique to estimate the completion of these key fitness traits had these males and females lived to senescence (52) . Year of birth, age, and age squared were all found to have strong effects on fitness consequences so we entered these three variables into our model. Age squared was included to account for quadratic relationships (e.g., fitness returns may decline beyond a certain age). Year of birth was used to control for cohort effects (i.e., certain generations or time periods when individuals reproduced more) and because it provided an estimate of the maximum amount of time that any additional data (e.g., children, grandchildren, spouses, mean relatedness to spouses) could have been collected on any particular individual. 0.14, N = 453) for all individuals who were still alive at the time of the last census. Using these three covariates also produced the lowest adjusted and unadjusted Akaike's information criterion scores for both males and females. Therefore, a ZINBI generalized linear model was used to regress year of birth, age, and age squared on each of the dependent variables and these residuals were saved and used to estimate fitness for all individuals who were alive at the time of the last interview for all subsequent analyses. Dead subjects were presumed to have complete life histories, so their fitness (i.e., total number of children, children surviving to age 15 y, grandchildren, and spouses) was fitted to a model in which year of birth was entered as a predictor to correct for birth cohort effects on fitness residuals. These residuals for living and dead individuals were saved and were used as our estimate of fitness. (Fig. S1) .
Data Archival. The data used in all these analyses can be found in Dataset S1. For queries on any of these results or analyses please contact Robert Lynch at robertflynch@gmail.com.
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Inbreeding Charles Darwin conducted the first rigorous studies of inbreeding (53) (54) (55) (56) . His results supported the hypothesis that breeding with close relatives reduces the fitness of progeny ("inbreeding depression"). Researchers since Darwin have confirmed the negative fitness outcomes caused by inbreeding in many plant and animal species (56-58) Inbreeding depression results from closely related parents both transferring deleterious recessive alleles, increased homozygosity, and vulnerability to pathogens (59) (60) (61) (62) . On the other hand, this is a citation to an earlier citation in the main text: ref. 2 .
Too much outbreeding, however, can also have negative effects on fitness (63) . When intermediate phenotypes are selected against (64), or when locally adapted gene complexes have undergone positive selection (65), outbreeding is no longer beneficial. Although both inbreeding and outbreeding can affect the fitness of offspring, the costs of inbreeding are usually more immediate and severe, whereas the costs of outbreeding tend to accrue slowly and accumulate across several generations. Because both hybrid vigor and outbreeding depression can occur simultaneously and have opposite effects on fitness, there is often an "optimal" level of inbreeding at which fitness peaks (66, 67) .
The mechanisms by which organisms achieve an ideal balance between inbreeding and outbreeding have received a great deal of attention from researchers (68) (69) (70) . The most common mechanism among mammals and birds is sex-biased dispersal, where one sex disperses from the natal group upon reaching sexual maturity (21, 71) . Humans are distinct among primates in that either sex may disperse or remain in its natal group (1). This pattern renders the ability to recognize the relatedness of potential mates critical and humans exhibit the most extensive pattern of kin recognition of any known species (9) . Incest avoidance in humans is now understood on both a functional and a mechanistic level (39, (72) (73) (74) (75) (76) . Whereas functional explanations tend to cite the genetic disadvantages of inbreeding (63) , mechanistic explanations for how opposite-sex relatives recognize one another usually cite the duration and timing of coresidence and cues assessing the interaction of a potential relative with one's biological mother around birth (72, 76) .
Studies of optimal inbreeding in humans have produced mixed results. The analysis of an Icelandic genealogy, for example, showed that reproductive success was highest for couples who were related as third and fourth cousins [coefficient of relatedness (r) between 0.0039 and 0.0625] (77). Walker and Bailey (78) examined how reproductive success varied with degree of inbreeding across different types of societies. Among foragers the number of surviving children was highest when couples were related as second and third cousins (r between 0.0312 and 0.1249) but dropped rapidly at higher coefficients of relatedness. Among traditional nonforagers (i.e., horticulturalists, pastoralists, agriculturalists), however, fitness increased linearly with relatedness, and the most related couples (r > 0.125) had the most surviving children. Although closely related couples do not necessarily have reduced fertility, most research suggests that their offspring do (60, 73) and mortality rates for the offspring of first cousins is about 3.5% higher than for the offspring of unrelated couples (79) , as well as a 4.4% increase in prereproductive mortality (e.g., still births) compared with population means (80) . Other studies have shown higher infant mortality rates for offspring (81) and higher divorce rates and lower fertility (82) for the spouses of patrilateral parallel first-cousin marriages.
Despite these negative fitness outcomes, many traditional societies, and some modern ones in the Middle East, India, Pakistan, and Bangladesh (83), exhibit relatively high levels of consanguineous marriage (53) , and unions between first or second cousins are estimated to have comprised over 80% of marriages in human prehistory (79) . Furthermore, average coefficients of relatedness (r) (51) between spouses in traditional societies are far higher than models of optimal inbreeding predict (84).
Local Mate Competition. Same-sex siblings often compete for mates. Fights to the death are common between parasitic wasp brothers as they compete for mates (18) and between honey bee sisters when they compete to head the original colony after it divides and swarms (19) . When inbreeding is high and females have direct control of the sex ratio of their offspring (20, (85) (86) (87) (88) , conflicts between siblings can be resolved by the production of female-biased sex ratios because inbreeding is less costly to parents than it is to offspring (17) . In mammals, competition between same-sex siblings over mates may affect dispersal patterns (89, 90) . For example, when mate competition and relatedness are both high, same-sex siblings may elect to either breed cooperatively or compete (91) . Under these conditions altruism toward kin and local mate competition are often in conflict because altruism toward one sibling (e.g., foregoing reproduction by cooperative breeding) is less advantageous if it comes at a cost to another sibling (92) . To put it another way, there is no point in being altruistic toward a brother if his increased fitness is costly to a different brother (93) . In humans, competition over mates and resources has been shown to drive both sex-biased investment (94) and dispersal patterns (95) .
Sex-Biased Dispersal. Kin competition and cooperation over mates and resources interact with inbreeding to affect which sex is more likely to disperse (22, 90, 96) . Greenwood (21) was the first to suggest that the direction of dispersal bias is linked to the mating system. He argued that male-male competition for resources combined with high male investment in defending resources favors monogamy, patrilineal social organization, and female dispersal (male philopatry)-a pattern typical in birdswhereas male-male competition for mates together with low male investment in resources favors polygyny, matrilineal social organization, and male dispersal (female philopatry)-a pattern commonly seen in mammals. In other words, sex-biased dispersal is generally governed by the defense of resources in birds and by the defense of mates in mammals (97) .
Researchers trying to explain sex-biased dispersal patterns across species have built on this work and evolutionary models now typically include inbreeding avoidance, local resource competition (48) , local mate competition (17, 89, 98) , and local resource enhancement (99) . The benefits of sex-biased dispersal, which include a reduced risk of inbreeding (23, 24, 71) , lower intersexual mate competition, and reduced resource competition with relatives of both sexes (48, 100) , must be balanced against cooperative activities among kin that lead to local resource enhancement (25) . An experimental study of root voles (Microtus oeconomus), for example, found that males without sisters emigrated more often than males with sisters (101), suggesting that there are benefits of living near oppositesex siblings. In contrast, Bollinger et al. (102) found in the meadow vole (Microtus pennsylvanicus) that both sexes dispersed more often from sibling groups than they did from nonsibling groups and that sibling males were more likely to disperse than nonsibling males, which indicates that there are costs associated with residing near siblings. Together these studies show that inbreeding, local mate competition, local resource competition, and local resource enhancement interact to affect dispersal in complex ways.
In general, however, cooperation and conflict between siblings play an important role in the evolution of sex-biased dispersal (21, 97) . Individuals are expected to balance the costs of inbreeding (23, 24, 71) and competition with relatives over mates (48, 100) and resources with the benefits of cooperative activities among kin (25) . When parents can influence offspring mate choice, as in humans, these relationships may generate cultural norms and taboos over who is permitted to marry and which sex disperses (9, 103) .
Yanomamö Kinship and Politics. Although the Yanomamö live in environments that are ecologically different (horticulturalists in South America) from the East African savannas in which our hominin ancestors evolved, they share a political organization and social structure that are similar to what many anthropologists expect were common for individuals living in the environment of evolutionary adaptedness (EEA) (11, 104) . Many aspects of the social environments in which the Yanomamö live also contain features (e.g., cousin marriage) that our ancestors are likely to have shared. For an adaptation to solve a specific environmental problem it needs only to interact in a consistent way with the specific features of the environment in which it evolved. In other words, not all aspects of an environment need to be identical to a presumed EEA to make meaningful inferences about adaptive outcomes. Behavioral ecologists refer to these features as an adaptively relevant environment (ARE) (105) . Yanomamö social and political organizations share many of these characteristics with those of our distant ancestors; hence fitness measures in the Yanomamö are relevant to understanding the evolution of marriage practices, sexual selection, and mate choice in humans.
Average coefficients of relatedness between Yanomamö spouses (r = 0.031) are similar to those observed in many other traditional societies (79) , including several other horticulturalist groups (78) . They may also be similar to what population geneticists estimate was common throughout much of human evolution. If, for example, we assume an effective population size of human ancestors living 1.2 Mya was ∼18,500 (106), then simulations based on current genetic population structure and heterozygosity predict that mean spousal coefficients of relatedness will vary from 0.17 (between first cousins and half siblings) at the out-of-Africa bottleneck ∼70 kya to 0.016 (between second and third cousins) in Africa before the expansion out of Africa (107) . These estimates will vary, depending on various assumptions including recombination rates, effective population sizes, population structure, and population boom and bust cycles. Despite this uncertainty, our analysis shows that the mean relatedness of Yanomamö spouses (r = 0.031) is right in the middle of these estimates.
Yanomamö villages are on average around 100 individuals (ranging between 25 and 400), which is similar in size to what many anthropologists and geneticists believe was common throughout much of our evolutionary history (108) . When villages fission they usually do so along lines of kinship, such that all of the individuals in each of the new villages are on average more related to each other than they were to members of the original village (38) . There is a push and pull to achieving the proper balance between group size and vulnerability to attack. Although most individuals prefer to live in smaller villages because internal conflicts (often over women) increase in proportion to the village size, smaller villages are increasingly at risk for being attacked and villages that fall below a threshold of 40 are usually unsustainable (11) . Villages are typically led by a headman and status differentials between men are in large part determined by an individual's number of close kin, especially patrilineal kin who are residents of the same village, and culturally valued accomplishments such as prowess in intervillage raiding (2).
Yanomamö Marriages. Yanomamö marriages are political events that have strong impacts on relationships between groups of adult men both within and between villages (11). Indeed, much of the internal cohesion of Yanomamö villages depends on the bonds of marriage and kinship (2) . The political alliances between Yanomamö villages are also based on kinship and are therefore strongly influenced by the reciprocal marriage arrangements between groups, and the exchange of women between independent villages ties them together (2) .
Competition over wives is a major source of conflict among the Yanomamö. Polygyny results in high reproductive skew (e.g., great reproductive success of a few powerful males) and this can have a large impact on marriage exchanges. When there are more competing lineages (fewer highly successful patrilines) and a young woman is ready for marriage, the temptation to defect is higher and long-term betrothal promises are often subverted by short-term opportunities that can lead to conflicts (37) . In addition to obtaining wives by exchanging them with other patrilineages, men may also acquire wives by force. They may steal women from other villages in raids or, if they are powerful enough, take a woman from a coresident man. In militarily strong lowland villages an average of 17% of married women have been abducted compared with 11% in weaker upland villages (see ref. Kinship networks also affect an individual's chances of acquiring mates. Male Yanomamö who have more ancestral-generation and same-generation matrilateral kin have more potential mates (2). This is because having powerful elder-generation allies (those who arrange the marriages) improves one's chances of securing a wife, whereas a paucity of matrilateral kin (e.g., when one's mother has been abducted or has come from a distant village) reduces the availability of marriageable matrilateral kin (e.g., mother's brother's daughters) (37) . Because of bride service and frequent village fissioning, females may have nearly as many close relatives in their village as males, however.
Although Yanomamö politics considerably restrict the ability of women (and to a lesser extent, younger and less powerful men) to exercise choice in selecting a mate, older women are not entirely powerless. Although they risk being severely punished, women may commit adultery or in other ways try to make life so miserable for their husband that they provoke him into abandoning them (36) . Because all marriages have important political implications, conflicts of interest in any marriage are common. As a consequence, a woman's success in making a satisfactory marriage for herself or her daughters depends on the same types of skills that determine male success in politics: her ability to manipulate social situations to her own advantage and her ability to draw support from older men in her patrilineage (11) . d is the mean difference between the groups, t is the t statistic, *P < 0.01, **P < 0.001. d is the mean difference between the groups, t is the t statistic, *P < 0.01, **P < 0.001.
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